We use updated drainage inventory, ice thickness, and ice velocity data to calculate the grounding line ice discharge of 176 basins draining the Antarctic Ice Sheet from 1979 to 2017. We compare the results with a surface mass balance model to deduce the ice sheet mass balance. The total mass loss increased from 40 ± 9 Gt/y in
A
ntarctica contains an ice volume that translates into a sealevel equivalent (SLE) of 57.2 m (1) ( Table 1 and SI Appendix, Table S1 ). Its annual net input of mass from snowfall is 2,100 Gt (gigatons = 10 9 tons), excluding ice shelves, equivalent to a 5.8-mm fluctuation in global sea level (2) . In a state of mass equilibrium, accumulation of snowfall in the interior should balance surface ablation (wind transport and sublimation) and ice discharge along the periphery into the Southern Ocean. Nearly half of the land ice that crosses the grounding line to reach the ocean to form floating ice shelves melts in contact with the ocean, while the other half breaks up and detaches into icebergs (3, 4) .
Recent observations have shown that the ice sheet is losing mass along the periphery due the enhanced flow of its glaciers, at a rate that has been increasing over time, while there is no long-term trend change in snowfall accumulation in the interior [i.e., Antarctica contributes to sea-level rise (SLR) principally via changes in ice dynamics] (5-7). Various techniques have been used to estimate ice sheet mass balance, including (i) the component method, which compares accumulation of snowfall over the interior basins with ice discharge by glaciers across the grounding line (where ice becomes afloat in ocean waters and detaches from the bed) at a high resolution (100 m to 1 km); (ii) the altimetry method, which measures elevation changes over the entire ice sheet and converts them into mass changes by assuming a density of change at intermediate resolution (1 to 10 km); and (iii) the gravity method, which measures directly the relative change in mass on a monthly basis, within centimeters per year, albeit at low resolution (333 km). The techniques have been compared (8) (9) (10) to yield reconciled numbers for ice-sheet-wide assessments for the time periods 1992-2011 and 1992-2017, except for East Antarctica, where uncertainties remain.
Here, we present results from the component method updated to 2017 and extending back to 1979, or four decades of observations. We use improved annual time series of ice sheet velocity, updated ice thickness, modeled reconstructions of surface mass balance (SMB), revised drainage inventories, and highresolution topography to assess the continental ice discharge of 18 regions that include a total of 176 basins, plus the surrounding islands ( Fig. 1 and SI Appendix, Fig. S1 ). The period of study covers the entire period of reconstruction of SMB by regional atmospheric climate models. We derive the ice sheet mass balance for 1979-2017, the acceleration in ice mass loss on a decadal time scale (Fig. 2) , the partitioning between SMB processes and ice dynamics, the contribution of various regions to the total mass budget, and the implications of the results for the future contribution of Antarctica to SLR. Table 1 , and SI Appendix, Fig. S1 ). This change in mass loss reflects an acceleration of 94 Gt/y per decade in 1979-2017, increasing from
Significance
We evaluate the state of the mass balance of the Antarctic Ice Sheet over the last four decades using a comprehensive, precise satellite record and output products from a regional atmospheric climate model to document its impact on sealevel rise. The mass loss is dominated by enhanced glacier flow in areas closest to warm, salty, subsurface circumpolar deep water, including East Antarctica, which has been a major contributor over the entire period. The same sectors are likely to dominate sea-level rise from Antarctica in decades to come as enhanced polar westerlies push more circumpolar deep water toward the glaciers. Area of drainage basin in 10 Table S1 for reference. (Fig. 3) . In 2009-2017, West Antarctica contributed 63% of the total loss (159 ± 8 Gt/y), East Antarctica 20% (51 ± 13 Gt/y), and the Peninsula 17% (42 ± 5 Gt/y) ( Table 2 ). The mass loss from West Antarctica is three to four times larger than that from East Antarctica and the Peninsula, respectively. We find that the Antarctic Ice Sheet has been out of balance with snowfall accumulation the entire period of study, including in East Antarctica.
In partitioning the mass budget, the SMB dominates the interannual to decadal variability in mass balance. Following a period of relatively positive SMB anomalies in the 1970s-1990s, Antarctica experienced negative SMB anomalies in the 1990s-2017 ( Fig. 2 and Table 2 ). Decadal variability in SMB has been pronounced in East Antarctica. For instance, in Queen Maud Land, a large snowfall event in 2009 added 200 Gt of mass to the ice sheet (14) (SI Appendix, Fig. S4 ). Ice dynamics, however, drove the mass loss on decadal time scales in West Antarctica (89%), East Antarctica (97%), and the Peninsula (94%).
In the remainder of the paper, basin by basin, we discuss anomalies in ice discharge or dynamic losses, dD, which is the average SMB from the reference years 1979-2008, SMB1979−2008, minus ice discharge, D. A negative anomaly in ice discharge means that the glacier discharge is above that which would maintain it in mass equilibrium with the average accumulation of snowfall in the interior over the time period 1979-2008. We similarly discuss anomalies in SMB, dSMB, which is SMB − We cannot quantify the loss in 1973-1993, but the glaciers were retreating at that time (16) . In East Graham Land, there is too much uncertainty in thickness, speed, and SMB to estimate mass balance, but the balance discharge is only 3.3 Gt/y so the mass loss is likely smaller than that. Farther south, the northern Larsen A glaciers lost 1 Gt/y after the ice-shelf collapse in 1995, but only over a short period (17) . In contrast, the 4-Gt/y mass loss of Drygalski Glacier has continued from 1995 to present. The Larsen B glaciers accelerated in 2002 when the ice shelf collapsed and were still losing 8.4 Gt/y in 2017 (18, 19) . We estimate a small dynamic loss for the Larsen C glaciers (1 Gt/y) and negligible loss for the Larsen D-G glaciers (basin I -J) (Dataset S1 and Fig. 1 ). These areas do not hold much SLE (Table 1) .
In the west, the glaciers feeding Wordie Ice Shelf (1.3-cm SLE) lost 1 to 2 Gt/y in 1979-2003, increasing to 8 Gt/y in 2017, with speed-up detected over the entire drainage. The mass loss for Wilkins Ice Shelf is small since the glaciers melt completely at their grounding line and do not speed up (20) .
For the much larger George VI and Stange ice shelves (basin H -I), with a combined SLE of 17 cm, we estimate significant glacier losses of 9 and 2 Gt/y in 2017, respectively, versus balance fluxes of 70 ± 4 and 16 ± 1 Gt/y. Riley, Millet, Ryder, Goodenough, and AN77204S6636W sped up in the north in the mid-2000s. Three large glaciers (AN77252S6729W, AN77319S7007W, and AN77326S6324W) with deep basins sped up in the south (21, 22) , while Nikitin and Hall glaciers sped up into Stange Ice Shelf.
Overall, the cumulative mass loss from the Antarctic Peninsula is dominated by the West coast (George VI, West Graham Land, Wordie, and Stange) and Larsen A and B since 1995 and 2002, for a total 2.5 ± 0.4-mm SLR since 1979. The mass loss tripled after the 1990s, averaged 24 Gt/y in 1979-2017, with an acceleration of 16 Gt/y per decade.
West Antarctica. Inthe Bellingshausen Sea (BS) (basin H-H ), significant glacier changes on Fox (1-cm SLE) and Ferrigno (2-cm SLE) glaciers since 1979 have doubled their mass loss to 11 Gt/y in 2017. The glaciers flowing into Venable Ice Shelf (3-cm SLE) slowed down in recent years, lowering their loss from 4 to 3 Gt/y. Abbot Ice Shelf doubled its mass loss from 2 to 4 Gt/y with glacier speed-up, consistent with reports of retreating grounding line (23) . Farther west (basin G-H), the dominant mass loss is from the Amundsen Sea Embayment (ASE), as reported extensively elsewhere (24, 25) . Pine Island, Thwaites, Haynes, Pope, Smith, and Kohler hold a combined 125-cm SLE and experienced a 136 Gt/y loss in 2017, with a disproportionate contribution from Dotson and Crosson ice shelves (94% and 228% of the balance flux versus 78% for Pine Island, 44% for Thwaites, and 49% for Haynes). The loss from Pine Island has stabilized since 2012 but remains the largest loss (58 Gt/y) in Antarctica and elsewhere (37 Gt/y for Thwaites and 32 Gt/y for Kohler/Smith).
A new result is the mass loss from Getz Ice Shelf (22-cm SLE, basin F-G) of 16.5 Gt/y in 2017, or 23% of its balance flux versus 5 Gt/y in 1979-2003 (i.e., a tripling in mass loss). We detect a progressive acceleration of Brennen Inlet, three unnamed glaciers (ANT77452S12220, ANT77453S124427W, and ANT77446S12656W), and especially DeVicq, Berry, and Venzke on the western flank (Fig. 1) . Farther west, glacier speed-up and enhanced losses are detected on Hull (18% out of balance) and Land (14%), but the glaciers draining into Nickerson (1-cm SLE) and Sulzberger (6-cm SLE) ice shelves yield no evidence for mass loss or speed-up.
On the west Ross Ice Shelf (basin E F), we have a unique situation along Siple Coast (194-cm SLE), where the glaciers have continued their slow down starting from a state of balance in the 1970s, with a mass gain reaching 20 Gt/y mass gain in 2017. In the drainage of Ronne Ice Shelf (basin J-J , 158-cm SLE), we find no change in glacier speed and a negligible mass gain over the entire period (26) .
In total, the mass loss of West Antarctica is dominated by a sector spanning from George VI to Land glaciers, about 2,400 km in length, with 92% of the signal from the ASE. West Antarctica contributed 6.9 ± 0.6-mm SLR since 1979.
East Antarctica. On East Ross Ice Shelf (basin E-E , 976-cm SLE), we detect no change in speed since the 1960s, as in ref. 27 . We confirm a speed-up of Byrd in 2009 during a lake drainage event (28) . In Victoria Land (basin D E), David Glacier (118-cm SLE) fluctuated at the 10% level with a small mass loss. With the RACMO2.1 SMB model, the balance flux of David Glacier was 57% too high. The improved modeling of wind transport of snow in RACMO2.32p1 confirms a lower-than-average snowfall accumulation (29) and a balance flux closer to the glacier discharge. We have no evidence for mass loss in Victoria Land based on velocity changes or ice front position (30), except for Matusevitch Glacier, which sped up in 2008, losing 1 Gt/y in 2017, or 27% of its balance flux.
In basin D-D , the glaciers draining into Cook Ice Shelf (158-cm SLE) averaged a 2 to 3 Gt/y dynamic loss over the survey period. The western Cook Ice Shelf disintegrated in the 1970s (31) . Glacier flow was high in the 1980s, decreased in the 1990s, and increased in the 2000s. Farthest west, the glaciers draining into Ninnis (95-cm SLE) and Mertz (37-cm SLE) followed opposite trends: a small loss for Ninnis versus a small gain for Mertz. Ninnis ice tongue broke up in 2008, followed by speedup, whereas Mertz lost a part of its floating tongue in 2013 but did not speed up. We detect no significant signal along Adelie Coast (36-cm SLE), which hosts few ice shelves.
In basin C -D, Dibble (12-cm SLE), Frost (84-cm SLE), and De Haven and Holmes (11-cm SLE) combine for a dynamic loss of 12. Table 1 and Dataset S1). Stancomb-Wills Glacier (basin K-A) varies in speed at the 5 to 19% level due to time-dependent interactions with the slow-moving Brunt Ice Shelf and the ice melange in between (34) , but the resulting loss is negligible. Finally, the basin of Filchner Ice Shelf (basin J -K, 1,223-cm SLE) is in balance, with glacier velocities fluctuating at the 2 to 3% level (SI Appendix, Fig. S4 ). In total, the mass loss in East Antarctica is dominated by Wilkes Land, with a total contribution of 4.4 ± 0.9-mm SLR since 1979.
Discussion
The mass loss of Antarctica is dominated by the ASE and BS sectors, in West Antarctica, Wilkes Land, in East Antarctica, and the western Peninsula and Larsen A and B sectors (Figs. 2 and 3 and SI Appendix, Fig. S4 ). In the ASE and BS, the glacier changes are widespread and synchronous. They have been attributed to the intrusion of warm, salty, circumpolar deep water (CDW) on the continental shelf (35, 36) , which vigorously melts the ice shelves, reduces buttressing of the glaciers, and allows them to flow faster. The presence of CDW has been well documented on the Western Peninsula (37, 38) , BS (39), ASE (40) , and Getz (41), but not on Sulzberger and Ross (40) , which indeed exhibit low ice-shelf melt and no mass loss. We posit that Nickerson Ice Shelf marks the western limit of the influence of CDW on West Antarctic ice shelves since it experiences near-zero mass balance and low ice-shelf melt rates. The sea floor in front of Nickerson Ice Shelf is shallower than farther east and must block the access of warm CDW (Fig. 1) . Similarly, there is no evidence for the presence of CDW in the Larsen C-G sectors (42) and only small mass losses.
The mass loss in ASE, BS, Wilkes, and Western Peninsula have been increasing since the 1970s. This evolution is consistent with the polar contraction of the westerlies that force more CDW on the continental shelf through Ekman transport, which reaches the glaciers through deep troughs carved on the sea floor by former ice streams (Fig. 1) (43) , melts the ice shelves, and destabilizes the glaciers. In the ASE, Pacific decadal oscil- (44, 45) . We find that ASE was near balance in the 1970s, however, which contradicts the hypothesis that an instability developed in the 1940s until the 1970s (46) . We conclude that the recent rapid loss is unique over the last several decades.
The high loss of Fox and Ferrigno is consistent with efficient CDW transport through the Belgica trough (47), whereas Abbot Ice Shelf floats on a seafloor above the depth of CDW (>400-700 m), which explains its low ice-shelf melt rates and limited mass loss of the glaciers (48) . Similarly, we find the largest loss and acceleration on the western sector of Getz, which is more exposed to incoming CDW than the eastern sector (40) . High mass losses in this sector are caused by nearly undiluted CDW, manifest with high ice-shelf melt rates (3). Conversely, areas farthest from CDW (e.g., Ross and Filchner Ice Shelves) are stable and exhibit no loss. A number of areas potentially exposed to CDW do not melt rapidly (e.g., Wilkins and Nickerson), as stated earlier, most likely because the sea floor depth is too shallow to enable the access of warm CDW to grounding lines.
Our mass balance numbers are within errors of the IMBIE-2 multisensor assessment for the years 1992-2017 (10) for West Antarctica (−83.7 ± 8 Gt/y versus −94 ± 27 Gt/y) and the Peninsula (−28.3 ± 1 Gt/y versus −20 ± 15 Gt/y), but our overall losses are higher for Antarctica (168.9 ± 5 Gt/y for 1992-2017 versus 109 ± 56 Gt/y) because we report a loss for East Antarctica (−57.0 ± 2 Gt/y) versus a gain with a large uncertainty in the IMBIE-2 assessment (+5 ± 46 Gt/y) ( Table 1 ). Our estimate is affected by uncertainties in ice thickness and SMB but the errors are low when estimating decadal trends. Improved SMB models and additional ice thickness data in East Antarctica would further reduce uncertainties. The IMBIE-2 altimetry estimate, however, is affected by large uncertainties in translating volume changes into mass changes, especially in East Antarctica. With accumulation levels at the 5 cm/y level on the high plateau (basin B-C), decades of altimetry data will be required to detect changes in SMB at the 10% level (5 mm/y or 5 cm per decade). Similarly, the IMBIE-2 gravity estimate is affected by residual uncertainties in correction for the glacial isostatic adjustment (GIA), especially in East Antarctica. Revisions of the GIA correction of the order 10-50 Gt/y would suffice to reconcile the Gravity Recovery and Climate Experiment results with our mass balance numbers.
An emerging result is the dynamic loss from Wilkes Land, East Antarctica. We detect a mass loss not only in the last few years (49, 50) but over the entire period, with even higher losses in the 1980s. This evolution is corroborated with the degradation of major ice shelves during that time period: Cook lost half of its ice shelf in the 1970s (31), Frost/Holmes disintegrate regularly in low-sea-ice years (32) , and Conger/Glenzer, Shackleton, and West ice shelves have experienced large retreats between 1962 and the early 1980s (51) that were not compensated by a readvance in subsequent decades.
We have incomplete information about the presence CDW in this sector of East Antarctica (52) . A recent survey found modified CDW in front of Totten (53) . Totten is protected from a fast retreat into a deep marine basin by a prograde slope for the first 50 km (33) and hence is at low risk of developing a marine instability in the near future. In contrast, Denman is grounded on a ridge with a steep retrograde slope immediately upstream. There are no oceanographic data near the glacier, but the ice shelf experiences high melt rates, which suggests the presence of modified CDW. The recent ice-shelf speed-up may reveal enhanced intrusion of CDW and an increase in ice-shelf melt or may result from complex interactions between the fast-moving portion of Shackleton Ice Shelf and the surrounding slower-moving ice shelf, as for the Stancomb-Wills Glacier (34) .
To the East of Denman, the troughs occupied by Ninnis and Cook hold the most potential for rapid retreat if CDW can access the glaciers (Fig. 1D) . To the west of Denman, West Ice Shelf appears to be stable or changing slowly, suggesting that CDW does not have easy access to the cavity, but the bathymetry beneath and in front of the ice shelf is unknown (Fig. 1D) . Table 1 lists the major glacier systems in terms of mass balance, cumulative mass loss, and SLE (more details are given in Dataset S1). Sectors with significant SLE include ASE (125 cm), Getz (22 cm), George VI (15 cm), Land/Hull (7 cm), and Fox/Ferrigno (5 cm) in West Antarctica and the Peninsula, but only the ASE may be conducive to marine ice sheet instability (i.e., includes bed channels extending well below sea level in the deep interior along mostly retrograde slopes). The northern Peninsula does not hold a large SLE: 4 mm for Larsen B, 1 cm for Larsen C, and 5 cm for Larsen D-G. Sectors with weak potential include Totten (385 cm) and Vanderfjord Glacier in Vincennes Bay (66 cm) because they are protected by prograde bed slopes (33) . Sectors at risk and requiring more observation include West Ice Shelf (115-cm SLE), Denman/Shackleton Ice Shelf (149-cm SLE), Cook (158-cm SLE), and Ninnis (95-cm SLE). In sum, the northern sector of West Antarctica is losing mass rapidly and could entrain the progressive collapse of a large share of West Antarctica and its 5.1-m SLE. In Wilkes Land, East Antarctica, the ice sheet loss is two to three times slower, but this sector holds an equally large, multimeter SLE.
Over the last four decades, the cumulative contribution to sea level from East Antarctica is not far behind that of West Antarctica, that is, East Antarctica is a major participant in the mass loss from Antarctica despite the recent, rapid mass loss from West Antarctica (Table 1 ). Our observations challenge the traditional view that the East Antarctic Ice Sheet is stable and immune to change. An immediate consequence is that closer attention should be paid to East Antarctica.
In the decades to come, it is likely that SLR from Antarctica will originate from the same general areas, which are nearest to the sources of warm CDW and therefore directly sensitive to a strengthening and contraction of the polar westerlies toward Antarctica that bring more CDW in contact with the glaciers. As ice-shelf melt increases, the glaciers will feel less resistance to flow, accelerate, and contribute to SLR.
Conclusions
Using revised inventories, improved thickness mapping, and time series of velocity and SMB, we present four decades of mass balance in Antarctica that reveal a mass loss during the entire period and a rapid increase over the last two decades in parts of Antarctica closest to known or suspected sources of CDW from observations of high ice-shelf melt rates, ocean temperature, or based on ocean model output products. This evolution of the glaciers and surrounding ice shelves is consistent with a strengthening of the westerlies caused by a rise in greenhouse gas levels and ozone depletion that bring more CDW on the continental shelf. While the mass loss from the Peninsula and West Antarctica have been well documented and reported elsewhere, we note that the Wilkes Land sector of East Antarctica has been a major participant to SLR over the last 40 y, with larger losses in the 1980s. These sectors are all close to CDW and experiencing high ice-shelf melt rates. Enhanced intrusion of CDW being the root cause of the mass loss in the ASE and the West Peninsula, we posit that a similar situation is taking place in Wilkes Land, where novel and sustained oceanographic data are critically needed. Our mass balance assessment, combined with prior surveys, suggests that the sector between Cook/Ninnis and West ice shelves may be exposed to CDW and could contribute multimeter SLR with unabated climate warming.
Materials and Methods
Ice Velocity, Thickness, and Discharge. The first comprehensive velocity map of Antarctica combined data from multiple satellite sensors at different epochs (54) . We use a time series of yearly averaged ice-sheet velocity that spans from 1992 to 2017 with an error of a few meters per year calculated from a weighted average by instrument (11) . For 1979-1989, we use Landsat MSS 1-5 and TM 4-5 data (SI) with errors in speed of 10-20 m/y. Ice thickness is from (i) BEDMAP-2 (1); (ii) BedMachine Antarctica (13) , which combines radar-derived thickness with ice motion vectors, SMB, and ice elevation changes from altimetry; and (iii) ice-shelf thickness based on ERS-1 altimetry data from the year 1994 (55) or from (iv) a TanDEM-X (TDX) DEM of Antarctica from May-July 2013 and 2014 at 30-m spacing (56) . If ice thickness is not of sufficient quality, we assume a 1979 ice flux in balance with the average SMB for 1979-2008 and scale the results based on changes in ice velocity. We constrain fluxes with ice thickness and time-variable velocity for 78% of Antarctic Peninsula, 96% of West Antarctica, and 79% of East Antarctica. We use a 10-m uncertainty in thickness for direct radar measurements and 30 m for hydrostatic equilibrium as in ref. 7 . We use a reference velocity map from ref. 3 to calculate reference fluxes. We compare the reference velocity with velocity data from different years to calculate a scaling factor over the fastest parts of the glacier and apply the results to the reference flux to obtain time series of yearly ice fluxes.
Ice Drainage, SMB, and Total Mass Balance. We use a TDX DEM smoothed over 10 ice thicknesses to derive drainage boundaries based on surface slope (56) . In places where flow direction is known with confidence (errors less than 2
• ) we replace the direction of surface slope with the flow direction from a reference velocity of Antarctica (SI Appendix, Fig. S3 ). We use the RACMO2.3p1 in our assessment. Total mass balance, SMB − D, of grounded ice in each basin is summed up by regions (A-K), East, West, Peninsula, and for all of Antarctica. We calculate a mean mass loss on a decadal time scale by fitting the time series of monthly data and measurement errors with a linear regression. The slope of the regression is the mean mass loss for the decade and the 1-σ value of the regression is the error of the calculated decadal mass loss. Over the entire period 1979-2017, we perform a quadratic regression to obtain a mean mass loss and an acceleration in mass loss per decade. Cumulative dSMB and dD values are calculated in reference to SMB for the 1979-2008 reference period. The velocity, grounding line data, and drainage basins are available at National Snow and Ice Data Center (NSIDC), Boulder, CO as MEaSURES-2 products. The ice-thickness data are publicly available from NSIDC, BEDMAP-2, and other references.
